Abstract: It has been shown in vitro that melanocyte proliferation and function in palmoplantar skin is regulated by mesenchymal factors derived from fibroblasts. Here, we investigated in vivo the influence of mesenchymal-epithelial interactions in human tissue-engineered skin substitutes reconstructed from palmar-and non-palmoplantar-derived fibroblasts. Tissue-engineered dermo-epidermal analogs based on collagen type I hydrogels were populated with either human palmar or non-palmoplantar fibroblasts and seeded with human non-palmoplantar-derived melanocytes and keratinocytes. These skin substitutes were transplanted onto full-thickness skin wounds of immuno-incompetent rats. Four weeks after transplantation the development of skin color was measured and grafts were excised and analyzed with regard to epidermal characteristics, in particular melanocyte number and function. Skin substitutes containing palmar-derived fibroblasts in comparison to non-palmoplantar derived fibroblasts showed a) a significantly lighter pigmentation; b) a reduced amount of epidermal melanin granules; and c) a distinct melanosome expression. However, the number of melanocytes in the basal layer remained similar in both transplantation groups. These findings demonstrate that human palmar fibroblasts regulate the function of melanocytes in human pigmented dermo-epidermal skin substitutes after transplantation, whereas the number of melanocytes remains constant. This underscores the influence of site-specific stromal cells and their importance when constructing skin substitutes for clinical application. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. groups. These findings demonstrate that human palmar fibroblasts regulate the function of melanocytes in human pigmented dermo-epidermal skin substitutes after transplantation, whereas the number of melanocytes remains constant. This underscores the influence of site-specific stromal cells and their importance when constructing skin substitutes for clinical application.
Introduction
The human palmoplantar epidermis exhibits distinct differences compared to interfollicular epidermis, most importantly with regard to epidermal marker expression and melanocyte function. 1 In this respect, Cytokeratin 9 is a marker expressed exclusively by palmoplantar suprabasal keratinocytes. 2 It has been shown that its expression pattern is regulated by fibroblasts of the palms and soles through an epithelial-mesenchymal interaction. 3, 4 This influence could be demonstrated when pure non-palmoplantar epidermal sheets were grafted to wounds of the human sole: keratinocytes adapted phenotypical characteristics of palmoplantar skin and expressed the specific marker Cytokeratin 9.
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This site-specific epithelial-mesenchymal interaction in palmoplantar skin also has an influence on melanocyte proliferation and differentiation. Yamaguchi et al. 6 showed in vitro that palmoplantar fibroblasts suppressed proliferation and pigmentation of melanocytes through Dickkopf 1 (DKK1), an inhibitor of the Wnt signaling pathway in melanocytes, obviously leading to the lighter skin color of the palms and soles. [7] [8] [9] This influence was seen when non-palmoplantar split-thickness skin grafts containing non-palmoplantar fibroblasts were transplanted to the sole: The graft remained darker than the surrounding skin. In contrast, non-palmoplantar epidermal sheets containing melanocytes and no fibroblasts, showed a clear hypopigmentation when transplanted to palmoplantar wounds in human patients. 10 Interestingly, opinions differ regarding melanocyte density in palmoplantar human skin. According to Yamaguchi et al., melanocyte density in palmoplantar skin is significantly lower than in interfollicular skin, thereby impacting skin color. In contrast, according to Hasegawa et al., melanocytes exist in a similar density but with a reduced melanogenic activity in palmoplantar skin. This leads to a decreased number of mature melanised melanosomes in melanocytes accounting for the lighter skin color in palmoplantar skin.
Although many components regarding palmoplantar epithelial-mesenchymal interactions have been studied in vitro or observed clinically, [3] [4] [5] [6] [7] [8] little is known about direct and objective in vivo results showing a difference between palmoplantar and non-palmoplantar This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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fibroblast with respect to their influence on skin pigmentation. Since several years, we are investigating diverse characteristics and properties of dermo-epidermal skin substitutes (DESS) for future clinical application to full-thickness skin defects. [11] [12] [13] [14] [15] The importance of sitespecific, cellular epidermal and dermal components has been shown in the context of reproducing the original donor skin color in our pigmented skin substitutes. 16 Moreover, the applied pre-clinical model enables us to analyze the influence of different fibroblast populations in an in vivo setting.
Herein, we investigated the influence of two different human dermal fibroblast populations on pigmentation in human tissue-engineered DESS. We used human palmar and non-palmoplantar fibroblasts in combination with different ratios of non-palmoplantar melanocytes and keratinocytes in DESS for an in vivo assay on immuno-incompetent rats.
Graft color, pigmentation, and histological characteristics, in particular melanocyte number and function, were analyzed four weeks after transplantation. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Materials and Methods
Human skin samples
The study was performed according to the ''Declaration of Helsinki Principles'' and after permission by the ethic commission of the Canton Zurich. For the use of foreskins or skin of accessory digits removed in cases of polydactyly parents and/or patients gave informed consent. The age of the children ranged from 1 to 16 years. The foreskins were used for the isolation of keratinocytes, melanocytes, and dermal fibroblasts, the digits for the isolation of dermal fibroblasts from palmar sites. Foreskins and digits were obtained from different patients. Tissues samples for histological examinations were prepared for paraffin sections or embedded in OCT compound (Sakura Finetek, Staufen, Germany) and stored at -80 º C.
Isolation and culturing of primary cells
The skin cells were isolated and cultured as described in Böttcher-Haberzeth et al. 17 In brief, small skin pieces (about 3 mm Invitrogen) for 10 minutes at 37 º C. Keratinocytes were harvested and cultured in serum-free keratinocyte medium (SFM) containing 25 mg/ml bovine pituitary extract, 0.2 ng/ml epidermal growth factor, and 5 mg/ml gentamycin (all from Invitrogen). Melanocytes were harvested and cultured in melanocyte growth medium, containing 0.4% bovine pituitary extract, 1 ng/ml basic fibroblast growth factor, 5 mg/ml insulin, 0.5 mg/ml hydrocortison, 10 ng/ml Phorbol Myristate Acetate (all from PromoCell, Heidelberg, Germany), and 5 mg/ml gentamycin (Invitrogen).The dermal tissue was further digested in 2 mg/ml collagenase blend F (Sigma, Buchs, Switzerland) for 4 hours at 37 º C. Dermal fibroblasts were grown in DMEM containing 10% fetal calf serum (FCS), 4 mM L-alanyl-L-glutamine, 1 mM sodium pyruvate, and 5 mg/ml gentamycin (all from Invitrogen). 
Preparation of dermo-epidermal skin substitutes
The human dermo-epidermal skin substitutes (DESS) were prepared as described by Braziulis et al. 13 Briefly, 3 ml of bovine collagen type I ( 
Transplantation of DESS
The surgical protocol was approved by the local Committee for Experimental Animal
Research (permission number 115/2012). Immuno-incompetent female nu/nu rats, [8] [9] [10] weeks old (Harlan Laboratories, Netherlands), were prepared and anesthetized as described by Schneider et al. 18 Skin analogs (containing palmar (n=18) and non-palmar (n=9) fibroblast) were transplanted onto full-thickness skin defects created surgically on the backs of animals. Wound closure from surrounding rat skin was prevented and the skin substitutes were protected by surgical steel rings (26 mm in diameter) sutured to the skin defects using This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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Ligamed, Ötztal, Austria), and a tape as wound dressing. Dressing changes were done once per week. After 4 weeks photographic documentations and chromameter measurements were performed, the transplanted skin substitutes were excised in toto and processed for cryo-and paraffin sections and transmission electron microscopy.
Chromameter measurements
In 1976, the color vision is described as trichromatic with uniform, three-dimensional color 
Histological analysis
Paraffin sections (5 µm) were stained with hematoxylin and eosin (Sigma) to assess the histological morphology. The Fontana Masson technique was performed to visualize melanin.
Immunohistochemical staining
Immunofluorescence staining was performed as described in Pontiggia et al. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. Immunohistochemical analysis was performed as described before. 19 Tissues were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were deparaffinized in xylene and rehydrated. For antigen retrieval, slides were heated with cell conditioner 1 (Ventana Medical Systems, Tucson, AZ). Sections were incubated with MITF antibody (clone 5þD5, 1:50, Abcam, Cambridge, UK). The antibody binding was visualized using the detection kit by Ventana (iVIEW DAB detection kit (Ventana)). Slides were counterstained with hematoxylin.
Electron microscopy
Samples (approximately 1 mm 
Statistical analysis
Melanocytes in the basal layer of the skin analogs were evaluated by counting MITF positive cells four times in each of five representative sections from the skin samples. The results were calculated to display the mean ± SD graphically (Microsoft Excel).
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Tissue Engineering Part A
The influence of stromal cells on the pigmentation of tissue-engineered dermo-epidermal skin grafts (doi: 10.1089/ten.TEA.2014.0327)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Results
Human palmar skin shows distinctive macroscopic and microscopic characteristics
Macroscopically, color discrepancy between palmar (as well as plantar) and interfollicular skin are known, although, it is more obvious in skin type V-VI (Fig 1a) than in skin type I-II (Fig 1b) according to the Fitzpatrick scale of skin type pigmentation.
Microscopically, palmar skin shows several unique characteristics: a very thick stratum corneum (Fig 1 c, white two-sided arrow), a distinctive stratum lucidum, no hair follicles, but abundant eccrine sweat glands and pronounced rete ridges (Fig 1c, black arrows). Highlighting melanocytes with an HMB45 antibody, sporadic melanocytes contacting the basement membrane (stained with an anti-Laminin 5 antibody) can be seen (Fig 1d) .
Regarding epidermal marker expression, Cytokeratin 9 (CK9), expressed exclusively by palmoplantar suprabasal keratinocytes, is superimposed with CK1 (Fig 1e) . As in interfollicular skin, all epidermal cells express E-Cadherin and dermal fibroblasts are positive for a CD90 staining (Fig 1f) .
Pigmentation of human DESS prepared with human dermal fibroblasts from different body sites
To easily survey and analyze the influence of fibroblasts on the pigmentary system, DESS were produced with keratinocytes and melanocytes from dark non-palmoplantar skin in the epidermal compartment. The dermal compartment was produced either with human palmar fibroblasts or with human dermal fibroblasts from the same dark skin biopsy as the epidermal cells. Four weeks after transplantation onto immuno-incompetent rats, there was a clear-cut color difference between the two groups of grafts (Fig 2a, b) . When fibroblasts from palmar skin were used, the skin substitutes showed a very light color (Fig 2a) . In contrast, the substitutes with the same epidermal cells but produced with dermal fibroblasts from nonpalmoplantar skin showed a dark skin similar to the color of the donor biopsy.
These results could be confirmed by objective color measurements using a chromameter (Fig 2c) . Transplants with all three cell types (keratinocytes, melanocytes, This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. Histologically, all transplants showed the development of a similar stratified and cornified epidermis four weeks after transplantation (Fig 3a, b, Melanin distribution in the transplanted DESS was revealed by a Fontana Masson staining. All transplants showed melanin throughout their entire epidermis (Fig 3e-h) , located mainly as supranuclear caps in the keratinocytes (arrows , Fig 3g, h) . However, a clear difference regarding melanin quantity between transplants with palmar (Fig 3e, g ) and nonpalmar fibroblasts (Fig 3f, h ) was evident. Substitutes produced with non-palmar fibroblasts showed a higher concentration of melanin in the basal layer (keratinocytes and melanocytes)
as well as in suprabasal keratinocytes.
To demonstrate melanin uptake by keratinocytes and physiological melanocyte position, transmission electron microscopy was performed on DESS produced with palmar fibroblasts. Melanosome-containing melanocytes were detected in the basal layer of the epidermis (M in Fig 4a) with dendrites reaching into suprabasal layers (Fig 4a, black arrow head). Adjacent keratinocytes (K in Fig 4a) , affirmed by their possession of desmosomes This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
( Fig 4a, white arrows) , showed melanin inclusions in a physiological supranuclear position (Fig 4a, black arrows) .
Transmission electron microscopy photographs were used to determine the number of melanocytes in the basal layer of all DESS (Fig 4b) . 
Skin substitutes produced with either palmar or nonpalmar fibroblasts differ in melanosome maturation
Melanosome maturation in human skin differs depending on body site and skin pigmentation type. Melanocytes of palmar skin produce early melanosome stages I-II (shown in Fig. 5 by an HMB45 staining), whereas stages III-IV (shown by a Tyrp-1 staining) are not produced (Fig 5a, b, c) . Non-palmoplantar dark pigmented skin express more mature melanosome stages III-IV (Fig 5d, e, f) . However, non-palmoplantar light pigmented skin shows predominantly early stages I-II (Fig 5g, h, i) . Our DESS constructed with palmar fibroblasts were only positive for HMB45 (stages I-II) (Fig 5j, k, l) , in accordance to the expression pattern of palmar skin (Fig 5a, b, c) . In contrast, DESS constructed with nonpalmar fibroblasts showed expression of both, HMB45 and Tyrp-1 (Fig 5m, n, This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. 
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Skin substitutes produced with either palmar or non-palmar fibroblasts differ in cytokeratin 9 expression
To analyze the palmoplantar specific marker CK9 in non-palmoplantar keratinocytes of our DESS, immunofluorescence staining using an anti-CK9 antibody was performed. Skin substitutes produced with palmar fibroblasts revealed a scattered CK9 expression pattern in suprabasal keratinocytes, whereas CK1 was evenly expressed in all suprabasal cells ( Supplementary Fig 3a) . In contrast, the same non-palmoplantar keratinocytes in DESS produced with non-palmplantar fibroblasts were negative for CK9 in keratinocytes, while CK1 was expressed by all suprabasal keratinocytes ( Supplementary Fig 3b) .
To prove the persistence of human fibroblasts four weeks after transplantation, skin substitutes were stained with an anti-CD90 staining, detecting specifically human fibroblasts.
In both groups, abundant human fibroblasts were present underneath the human E-cadherin positive epidermis ( Supplementary Fig 3c, d ).
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Discussion
Structural differences between human palmoplantar and interfollicular skin, in particular the influence of the mesenchyme on epidermal phenotype development and expression pattern of different cytokeratins are known and have been studied previously. 5, 10 It has also been demonstrated that by transplanting interfollicular skin onto the palmes or soles, the original phenotype of the epidermis remains as long as fibroblasts from the initial site are included. This is an important finding, as opinions regarding the influence of palmoplantar fibroblasts on melanocyte number are controversial. Yamaguchi et al. 4 claim that there are less melanocytes in palmoplantar skin than in interfollicular skin and that palmar fibroblasts This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
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have a suppressive effect on melanocyte proliferation in vitro. 6 However, Hasegawa et al. 22 describe that there are equal numbers of melanocytes in palmoplantar and interfollicular skin.
Here, in contrast to Yamaguchi et al. 6 , we did not observe an inhibitory influence of palmar fibroblasts on melanocyte proliferation in our DESS, as the equal physiological melanocyte to keratinocytes ratio was established. Obviously, in terms of melanocyte number regulation, keratinocytes display a greater influence than fibroblasts as also suggested by Scott and
Haake. These results indicate that we can reproduce mesenchymal-epithelial interactions with palmar and non-palmar fibroblasts acting on the pigmentary system of a nonpalmoplantar epidermis in our transplantation model. We suggest that palmar fibroblasts act only on melanosome maturation and on melanin transfer to keratinocytes. That is to say, melanosome maturation in melanocytes is suppressed and the transfer of melanin from melanocytes to keratinocytes is decreased. We speculate that this influence could be caused by DKK1, an inhibitor of the canonical Wnt signaling pathway, shown to be expressed in higher amounts by palmoplantar fibroblasts. Although the epidermis of skin substitutes produced with palmar fibroblasts did not show an extremely thick stratum corneum or a stratum lucidum, keratinocytes started to express CK9, an exclusive differentiation marker of palmoplantar skin. This is somewhat surprising, as keratinocytes used in skin substitutes were derived from non-palmoplantar skin, and CK9 expression was previously considered to be regulated endogenously. 5 On the other hand, several studies have demonstrated that mesenchymal factors can modulate the phenotype of epidermal keratinocytes. 3, [24] [25] [26] [27] [28] In conclusion, this study demonstrates a specific influence of human palmoplantar fibroblasts on the pigmentation of non-palmoplantar epidermis in DESS transplanted in an animal model. It emphasizes the importance of using site-specific stromal cells when constructing pigmented dermo-epidermal skin grafts for clinical application, especially when aiming to produce skin grafts matching the color of the site to be transplanted. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof. This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.
Figure Legends
